In this paper, tunability of four near-infrared semiconductor lasers which typically lase at 783nm, 808 nm, 892 nm and 980 nm is studied. Both Littrow (wavelength dependent beam direction setup) and Littman (wavelength independent beam direction setup) configurations have been used for single mode tuning. In addition, the tunability of 783 nm laser in dual mode tuning is studied in both Littrow and Litman configurations. The wavelength and the power of the output beam of the laser have been measured. In all four cases, Littrow configuration shows a little better tuning range. In both Littrow and Littman configurations, the wavelengths near the main wavelength of the laser had more power. The highest achieved power of these lasers in the Littrow setup was more than that of the Littman setup. Moreover, the tuning speed and effect of tuning on the bandwidth of the laser were investigated.
Introduction
In the middle of the 20th century, finding the fact that a p-n junction can be used for generating coherence light led to a great revolution in laser industry and as a consequence in the related fields [1] . The smaller dimension and very lower weight compared to other types of lasers, as well as low power operation, desired efficiency, low price and good tunability range were the main advantage that made them a remarkable field of research. Along with the development of the sciences of physics, chemistry and electronics, the technology of this type of lasers has also improved. Developments in related fields such as deposition, power supplies and optical design led this type of lasers to become efficient and single mode lasers. This type of lasers can be used for various applications such as laser spectroscopy experiments, the telecommunications industry, a source for pumping other lasers, measuring and manipulating the quantum state of atoms, laser cooling and generation of terahertz radiation [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Nowadays, using lasers with varying wavelengths is an interesting field of research; therefore, lasers will turn more applicable when their wavelengths can be tuned. There are a number of tuning mechanisms; one of them is using an external cavity as a feedback section. The principle of laser wavelength tuning by use of external feedback typically includes a wavelength-selective device positioned in the optical path of the laser beam that feeds a narrow part of the laser emission spectrum back into the laser cavity. There is another type of external-cavity laser that uses a resonator based on an optical fiber rather than on free-space optics. Tunable external cavity diode lasers (ECDLs) have been broadly developed. They have different applications in various fields of science. [12] . Tunable external cavity diode lasers (ECDLs) usually use a diffraction grating as the wavelength-selective element in the external resonator. In ECDLSs, the first order of diffraction of the grating provides optical feedback to the laser diode chip. In this case, a diode chip is required with a bandgap producing sufficient gain at the desired wavelength. The typical laser diode will have gain over several nanometers. ECDLs will often simultaneously support two or more closely-spaced longitudinal cavity modes with the total output power split between modes such that the effective power is substantially reduced. ECDLs have replaced complex and expensive traditional dye and Titanium Sapphire lasers as the workhorse laser of atomic physics labs [8, 9] . Moreover, dual wavelength Littman ECDLs are used for continuous terahertz radiation generations and also differential absorption spectroscopy [13] . The aim of this paper is to study tunability of four near-infrared semiconductor lasers with center wavelengths from 780 nm to 1000 nm in four different configurations (wavelength dependent and wavelength independent beam direction setup).
Materials and Methods
Due to the wide gain of semiconductor lasers, this type of lasers has a good ability for wavelength tuning. Many different configurations have been developed each having advantages and disadvantages. The most common configurations are the Littrow [14] and Littman [15] configurations while they are simple and applicable at the same time. In this paper, both Littrow and Littman configurations are used for tuning the lasers. A schematic diagram of single mode Littrow configuration is shown in figure 1.
As it has been shown in figure 1., the zeroth-order of the diffraction from the grating is used as the output beam of the tuned laser and the first-order of the diffraction from the grating is used as the feedback beam which is reflected back into the laser. In this setup, according to the angle between the laser and the diffraction grating, a specific wavelength is selected. Therefore, the output beam direction is wavelength dependent, leading to alignment problems when tuning the laser in some optical setups. The optical setup of single mode Littrow configuration is shown in figure 2. Due to the specific application of 780 nm laser in continuous terahertz generation and also differential absorption spectroscopy [13] , another type of external cavity tuning setup named dual mode (dual wavelength) has been developed. In this configuration, first, the initial output of the laser is separated into two beams by adding a beam splitter to the single mode Littorow setup, then each arm is tuned separately based on the rotation of the diffraction gratings. The wavelength of these two tuned modes can be either close or far from each other. The output power of dual mode setup is similar to the single mode one. The schematic setup of dual mode Littow configuration is shown in figure 3. As shown in Fig. 3 , the output beam of the laser is passing the 50-50 beam splitter after collimation using a lens. Each arm acts like a single mode setup. The first order of diffraction is used for tuning and zeroth order of that is used as an output. By adding an additional mirror to the way of one of the outputs the both outputs can be directed to the single optical fiber. The optical setup of dual Littrow setup is shown in Fig. 4 . If one needs wavelength independent beam direction, it can be achieved by adding an extra element, such as an intracavity beam splitter as an output coupler or a single plane mirror which is fixed relative to the tuning diffraction grating [16] . A schematic diagram of Littman configuration is shown in figure 5 . The main difference between Littman and Littrow configurations is that the Littman configuration has an extra plane mirror compared to the Littrow configuration. In addition, the Littman configuration is more complex and requires a larger grating compared to the Littrow configuration [16] . As it has been shown in figure 5 , the Littman configuration uses a diffraction grating at near grazing incidence and an additional mirror. In this configuration, the first order of diffraction reflects back to the grating and the laser by the additional mirror. Therefore, in this setup, the wavelength is selected by the mirror angle, so that angle of the grating and the zeroth order of diffraction from the grating (the output beam) remain fixed during tuning the wavelength. The optical setup of single mode Littman configuration is shown in figure 6 . Dual mode Littman configuration is developed by adding a beam splitter and a mirror to the single mode one. In this configuration, the wavelengths are selected by the angles of the mirrors, so that angle of the grating and the zeroth order of diffraction from the grating (the output beam) remain fixed during tuning the wavelength. Due to the fact that the first order of diffraction in this setup passes through two separated arms, this configuration is considered as two separate external cavity configuration. The wavelength of these two tuned modes can be either close or far from each other. While the output power of Littman setup is less than Littrow setup, this setup is used in the applications that need fixed position dual wavelength beams [17] . Figure 7 shows the schematic setup of the dual mode Littman configuration. The optical design of the dual mode Littman configuration is shown in figure 8. One can use a temperature sensor and a thermoelectric cooler to control the temperature. A plane front surface mirror (BB03-E03, Thorlabs) and a 1200 l/mm diffraction grating with blaze at 750 nm (GR25-1208, Thorlabs) have been used in this research. Kinematic mirror mount (KM100, Thorlabs), pedestal pillar post (RS3P/M, Thorlabs) together with clamping fork (CF125, Thorlabs) were used to hold the mirrors and gratings. The experiment has been carried out using four semiconductor lasers which typically lase at 783 nm (25 mW, operating at 1.8 V and 30 mA current), 806.3 nm (8.4 mW, operating at 2.5 V and 80 mA current), 888.9 nm (6.23 mW, operating at 2.4 V and 20 mA current) and 980.6 nm (18.1 mW, operating at 2.4 V and 50 mA current). The power of the laser was measured directly through the head of a digital optical power meter (Power Range: 50 nW -50 mW) and the wavelength of that was measured after passing the beam through the optical fiber (200 micron glass-core) of a compact CCD spectrometer (Spectral Range: 200 -1000 nm). In order to measure the spectrums in dual mode, an in-house spectrometer was designed and developed. In this spectrometer, a reflective diffraction grating is used as a dispersive element for spectral separation. Optical design of spectrometer was done by Zemax software. A 1200 groove/mm grating with blaze at 750 nm (GR50-1208, Thorlabs) and a concave mirror with 70 cm focal length (in house) were used in this spectrometer. The entrance of spectrometer was an optical fiber (P1-780A-FC-1 for 783 nm laser and P1-830A-FC-1 for other lasers, both from Thorlabs) with FC/PC connection. A silicon linear array CCD with 3648 pixels (TCD1304, Toshiba) was used as a detector. By using a 9 μm optical fiber the resolution of this spectrometer is 0.04 nm at 780 nm and its free spectral range is 27 nm [18] . Figures 9 and 10 show the internal and external picture of the developed spectrometer, respectively. 
Result and Discussion
The tuning range of 7.7 nm was demonstrated in Littrow configuration for the laser with center wavelength of 806.3 nm. Figure 11 shows the output power of the laser diode with center wavelength of 806. For the laser diode with center wavelength of 888.9 nm, the tuning range of 15.4 nm was demonstrated in Littrow configuration. Figure 13 shows the output power of the laser diode with center wavelength of 888.9 nm in different wavelengths in Littrow configuration. In both Littrow and Littman setups, when the wavelength of the laser approaches to the end of the tuning range, suddenly the output beam jumps to the main wavelength of the laser. figure 13 , the wavelengths near the main wavelength of the laser have more power. In this case, the highest power achieved in this setup was 0.91 mW at 889.2 nm which is very close to the main wavelength of the laser. As it can be seen in figure 15 , the highest power achieved in this setup was 4.06 mW at 980.2 nm which is very close to the center wavelength of the laser diode with center wavelength of 980.6 nm. In figure 18 , the closet achieved dual mode is related the red peaks and the farthest one is related to the pinkish peaks. Figures 19 and 20 show the closest and farthest achieved dual wavelength, respectively. figure 22 , the closet achieved dual mode is related the red peaks and the farthest one is related to the dark blue peaks. Figures 19 and 20 show the closest and farthest achieved dual wavelength, respectively. As it is depicted in the figures 23 and 24, the distance between the closest achieved wavelengths in dual mode dual mode Littman configuration was 0.06 nm from 783.05 nm to 783.11 nm, and the distance between the farthest one was 3.02 nm from 781.03 nm to 784.05.
Additionally, the speed of tuning was tested in Littman configuration. A motorized actuator (Z812, Thorlabs) controlled by a DC servo motor controller (TDC001, Thorlabs) was connected to the rotating mirror of Littman setup in figure 5 to control the angle of mirror precisely and fast. Figure 25 shows the optical setup with the employed motorized actuator. As it is clear from the figure, the motorized actuator was connected to one of the adjuster screws of the kinematic mount to tilt the mirror precisely. Figure 26 shows the result of tuning with the motorized actuator. All achieved peaks were separated by the distance of 0.35 nm. In this setup, the tuning range of 6.5 nm was achieved in 6 s. So the tuning speed is below 1 nm/s which is faster than the previous report by Park et al. [17] .
Moreover, the effect of tuning on spectral bandwidth of the laser was investigated. A Michelson-Morley interferometer was used to measure the coherence length of the laser before and after tuning in single mode Littman setup. The coherence length of the laser was measured to be more than 3 m correspond to the bandwidth of 50 MHz; the same bandwidth was measured after tuning. Therefore, no effect on spectral bandwidth of laser was observed after tuning. 
Conclusions
The tunability of four semiconductor lasers with center wavelengths from 780 to 1000 nm in two different setups has been studied. Both Littrow (wavelength dependent beam direction setup) and Littman (wavelength independent beam direction setup) configurations have been employed in this experiment. The wavelength of the output beam of the laser has been measured by means of a grating spectrometer and the power of the output beam has been measured by means of a power meter. In all four cases, both configurations showed a good tuning range, but Littrow configuration shows a little better tuning range. The tuning ranges of 7.1 and 6.69 nm for the laser diode with center wavelength of 783 nm, the tuning ranges of 7.7 and 6.4 nm for the laser diode with center wavelength of 806.3 nm, the tuning range of 15.4 and 11.2 nm for the laser diode with center wavelength of 888.9 nm and finally the tuning range of 13.0 and 5.5 nm for the laser diode with center wavelength of 980.6 nm were demonstrated in Littrow and Littman configurations, respectively. Moreover, the tunability of 783 nm laser in dual mode tuning is studied in both Littrow and Litman configurations. The tuning range of 7.4 and 3.67 nm were demonstrated in dual mode Littrow and dual mode Littman configuration for the laser diode with center wavelength of 783 nm, respectively. The distance between the closest and farthest achieved wavelengths in dual mode Littrow configuration was 0.07 nm, and 6.11 nm, respectively. The distance between the closest and farthest achieved wavelengths in dual mode dual mode Littman configuration was 0.06 nm and 3.02 nm, respectively. In both Littrow and Littman setups, when the wavelength of the laser approaches to the end of the tuning range, suddenly the output beam jumped to the main wavelength of the laser. In both Littrow and Littman setups of all experiments, the wavelengths near the main wavelength of the laser had more power. The highest achieved power of these lasers in the Littrow setup was more than that of the Littman setup which is probably related to the loss in the reflection of an extra mirror and some misalignment problems. The tuning speed was measured to be 1 nm/s. Also, no effect on spectral bandwidth of the laser was observed.
